ABSTRACT It is well known that the dimple area density is a key parameter for the design of mechanical seal with dimples. In the present paper, the integrated influence of sliding velocity, outlet pressure, and seal clearance on optimum dimple area density, represented by dimple number along the dimple column taken from the seal surface, are conducted theoretically by solving Reynolds equation, where the Floberg-Jakobsson-Olsson cavitation theory is implemented using a mass-conservative algorithm to accurately predict the behavior of cavitation. The results show that the optimum dimple area density is closely related to the operation parameters and the influence of each operation parameter can be divided into three regions. Moreover, for each operation parameter, both of the range of the divided regions and the corresponding values of the optimum dimple area density are strongly associated with the other two operation parameters. In addition, the influences of operation parameters on optimum dimple area density can be investigated by their effects on the maximum pressure caused by dimples.
I. INTRODUCTION
Mechanical seal with dimples is defined as processed micron-sized dimples with a certain shape and distribution on seal faces, whose original model was set up by Etsion and Burstein [1] in 1996. It provides a new choice for people to search for high cost-effective mechanical seal for its better sealing performance, simpler structure, lower price, and easier to change the shape and size of dimples. Thus, many theoretical and experimental studies have been carried out to investigate the effect of structure, distribution and geometric parameters of dimples on its performance in the last few years [1] - [9] . See recent reviews in Ahmed et al. [10] and Gropper et al. [11] .
Dimple depth, diameter, and area density are three basic parameters of evenly distributed dimple patterns. An objective study by orthogonal method indicated that area density is more significant for the tribological performance than the depth or diameter of dimples [12] . Many researchers have contributed to find the optimum dimple area density that minimizes the friction coefficient or maximizes the load-carrying capacity of sealing surfaces through experimental study. Yu et al. [13] conducted a series of tests to investigate the effect of dimple area density on friction torque and face temperature rise of mechanical seal under various rotation speeds. They observed that both of the friction torque and face temperature rise are minimal when the dimple area density is 50%. The SiC disks with various dimple parameters were tested against a SiC ring by Wang et al. [14] under water lubrication. Their results show that there is an optimum dimple area density (5%) with sufficient water supply, where the critical load can be improved at least twice over that of un-textured surface. However, when water is not supplied sufficiently, dimples with higher area density (5-15%) are preferred. Kovalchenko et al. [15] experimentally investigated the effect of laser surface texturing on lubrication regime by measuring friction and electrical-contact resistance in a pinon-disk sliding conformal contact. They found that the pattern of dimples with lower area density (12%) is beneficial for expanding the range of the hydrodynamic lubrication regime. In the case of metallic seals, Qiu and Khonsari [16] evaluated the effect of dimple area density on friction coefficient by using textured steel rings. The experimental investigation shows that the friction coefficient decreases as the area density of dimple increases from 40% to 58%.
On the other hand, lots of theoretical studies which are thought to be the preferred to trial-and-error experimental works were carried out to obtain the optimum dimple area density. As early as in 1999, Etsion et al. [2] developed a model for mechanical seals with regular dimple patterns. Their simulation results suggest that the preferable percentage of area density is 20%, and above this value the rate of performance improvement becomes small. After that, a series models based on Reynolds equation have been developed by the same group. Usually, these analytical models suggest that the area ratio of 20-40% would be preferable since the total hydrodynamic pressure is maximized within this range. Du and Peng [17] applied the finite element method to solve Reynolds equation and investigated the effect of dimple area density on sealing performance. They observed that the peak value of opening force or film thickness can be obtained when dimple area density is selected between 40% and 60%. Kligerman et al. [18] found that the dimple area density should be largest in order to get higher friction reduction through several numerical simulations. Wang and Zhu [19] developed a virtual texturing technique for mixed lubrication regime in 2005. They found that in the case of low-speed/high-load, the lubrication performance is very sensitive to the variation of dimple area density. For the high-speed/low-load case, there seems to be an optimal range of dimple area density from 3% to 12%, where a dimple area density of 5% looks to be the best choice. A brief review on the studies related to the area density issue of dimple patterns can be seen in Wang et al. [20] , where the design principles of dimple area density for mixed lubrication regime were also discussed.
As can be seen, different values of optimum dimple area density were achieved for the above existed studies. This originates from different operation conditions used in the studies and it indicates the great impact of working parameters on optimum dimple area density. On the basis of previous studies, a further in-depth research and exploration on the influence of operation parameters need to be conducted for the following reasons: Firstly, Reynolds cavitation boundary condition was generally adopted when solving Reynolds equation in previous theoretical studies. However, it has been proved that this boundary condition is non-massconservative, and will give incorrect results [21] - [23] . Moreover, the interplay between operation parameters was ignored for most of the previous studies. That is, keeping the other ones as constants when investigating the influence of one of the operation parameters. This may lead to different results if the constants change to other values.
In view of this idea, in the present paper, the influences of operation parameters including sliding velocity, outlet pressure, and seal clearance on optimum dimple area density for mechanical seal, are studied by solving Reynolds equation, where the JFO cavitation theory is implemented to take the cavitation into account. The interaction effects between the operation parameters are also considered. 
II. ANALYTICAL MODEL
The mechanical seal considered in the present paper is represented by two non-contacting rings rotating relative to each other. The regular network of dimples is fabricated on the seal face of stationary ring, the geometrical model of which is shown in Figs. 1 and 2 . The relationship between the inner and outer radii, r i and r o in Fig. 1 , of the seal rings under consideration satisfies that (r o -r i )/r i 1. This allows one to neglect curvature effects and consequently, a circular sector containing one dimple column in the radial direction VOLUME 6, 2018 is assumed to be rectangular with length l and width w, subjected in the lateral x direction to a relative sliding velocity u, corresponding to the tangential velocity at the mean radius of the seal. The dimples with number n are distributed uniformly over the column and the seal clearance is denoted by h 0 . Each dimple is located in the center of an imaginary cell with length l/n and width w and modeled by an axisymmetric segment with a base radius r p and depth h p . The dimple area density S p can be defined as
The two-dimensional, steady-state form of the Reynolds equation for an incompressible Newtonian fluid in a laminar flow is expressed by
where µ is dynamic viscosity, h and p are the local film thickness and pressure at a specific point of the computational domain, respectively. For the dimple with elliptic section studied in this work, h can be given by
inside the dimple
As shown in Fig. 1 , the following boundary conditions are applied
where p in and p out are inlet and outlet pressures of the mechanical seal, respectively. The above boundary conditions should be complemented by the conditions at the boundaries of possible cavitation regions associated with the dimples. In the present work, the Floberg-Jakobsson-Olsson (JFO) cavitation theory is implemented using a mass-conservative algorithm to accurately predict the behavior of cavitation. According to the JFO cavitation theory, the magnitude of the pressure in the entire cavitation region remains constant at the cavitation pressure p cav , which is ''predetermined''. The film rupture starts at the location where the pressure derivative with respect to the normal direction is zero. The film reformation boundary is described by the following formula:
where V n is the fluid velocity in normal direction, ρ and ρ c are the local and cavitation density of the fluid. Based on (2) , to implement the JFO thoery, the universal form of Reynolds equation developed by Elord and Adams [24] is adapted in the present paper, which can be written as [25] 
where θ (= ρ/ρ c ) is the film content. By specifying the film thickness distribution h(x, z) and the relevant boundary conditions, the Reynolds Equation (6), is discretized by the finite difference method and then solved by the successive over-relaxation Gauss-Seidel iterative method for the pressure distribution p(x, z) in the film.
Using the pressure results, the load-carrying capacity for the dimple column is calculated from the expression
The friciton coefficient is computed by consdering the total friciton force over the dimple column, which is given by
where the expression for the shear stress τ (x, z) of the lower surface is
The resulting expression for the coefficient of friction is
The optimum dimpe area density in this article is defined as dimpe area density that minimizes friction coefficient.
The correctness and accuracy of the solution for (6) was verified with a problem taken from Qiu and Khonsari [26] , where one dimple within a unit cell is considered. It was found that the pressure distribustions and the corresponding values of load-carrying capacity are nearly identical in the two studies [27] .
In the present study, according to (1), the changes of dimple area density are obtained by changing dimple number n along the column while keeping dimple radius, column length, and width as constants. The influneces of three operation parameters, including sliding velocity, outlet pressure, and seal clearance are taken into account. To consider the interaction effects between the operation parameters, a total of 2500 simulation calculations are carried out to obtain the optimum dimple numbers (defined as n * ), corresponding to optimum area densities under various operation conditions. The values of the related parameters are listed in Table 1 .
The choice of cavitation pressure p cav can strongly influence the simulation results from Elrod algorithm, which implements the JFO theory. According to the study of Shen and Khonsari [28] , the simulation results using the cavitation pressure p cav of 30 kPa match test results in the small-gap region (h 0 < 40 mm).
To distribute the dimples uniformly along the column, the expression that l/n > 2r p should be statisfied to avoid the size of the dimples beyond the range of the column. Therefore, the maximum dimple number n max = 10 is obtained and the dimple number is selected to be varied from 1 to 10 in the following simulations, corresponding to the dimple area density changes from 5.52% to its maximum value 55.2%. 
III. RESULTS AND DISCUSSION

A. THE INFLUENCE OF SLIDING VELOCITY
A representative change of the optimum dimple number with sliding velocity is shown in Fig. 3 at h 0 = 2 µm, p out = 0.3 MPa. The general trend that the optimum dimple number decreases gradually with increasing sliding velocity can be seen. Specifically, three regions for sliding velocity can be divided, as displayed in Fig. 3 .
Region I: lower sliding velocity. In this region, the optimum dimple number is equal to its maximum value and does not change with sliding velocity.
Region II: medium sliding velocity. In this region, the optimum dimple number decreases gradually as the sliding velocity is increasing.
Region III: higher sliding velocity. In this region, the optimum dimple number keeps in a lower value and unchanged as sliding velocity increases. According to the simulation results, it is found that the range for each divided region is different under different seal clearances or outlet pressures, as can be seen in Figs. 4 and 5. In particular, the following variations are investigated: 1) With increasing seal clearance, the range of sliding velocity for Region I increases whereas for Region III decreases gradually. Moreover, the larger the seal clearance, the smaller the value of the optimum dimple number for Region III becomes. As displayed in Fig. 4 , as the seal clearance increases from 1 µm to 5 µm, the range of sliding velocity for Region I changes from u < 0.1 m/s to u < 3 m/s, whereas for Region III varies from u > 0.3 m/s to u > 5 m/s. The optimum dimple number for Region III decreases from value 8 to a smaller value 3.
2) As outlet pressure increases, the range of sliding velocity for Region I increases whereas for Region III decreases gradually. But the value of the optimum dimple number for VOLUME 6, 2018 Region III remains unchanged with increasing outlet pressure. As shown in Fig. 5 , when the outlet pressure varies from 0.1 MPa to 0.9 MPa, the range of sliding velocity for Region I changes from u < 0.1 m/s to u < 1 m/s, whereas for Region III changes from u > 0.3 m/s to u > 3 m/s. The optimum dimple number for Region III always remains the same value 5. Fig. 6 shows the typical change of the optimum dimple number with seal clearance at u = 3 m/s, p out = 0.7 MPa. Although the development is different from that of sliding velocity, it can be found that three regions for seal clearance can also be divided. In general, the optimum dimple number decreases firstly (Region I) then increases (Region II) and finally remains its maximum value (Region III). Note that the range of each region as well as the minimum optimum dimple number is closely related to the values of sliding velocity and outlet pressure, which can be captured in Figs. 7 and 8. To be specific, 1) When the sliding velocity is small, u ≤ 0.1 m/s in the present study displayed in Fig. 7 , the optimum dimple number remains its maximum value as seal clearance increases. Moreover, the larger the sliding velocity, a smaller extent of seal clearance for Region III can be obtained. For instance, Region III decreases from h 0 > 2 µm at u = 0.3m/s to h 0 > 5 µm at u = 3m/s. On the other hand, with increasing sliding velocity, the range of seal clearance for Region I increases accordingly. For example, Region I changes from h 0 = 1-2 µm at u = 0.2 m/s to h 0 = 1-4 µm at u = 9.0 m/s. In addition, the optimum dimple number in Region I always starts from the same value 8 and ends at a lower value, and this lower value decreases as sliding velocity is increasing. As shown in Fig. 7 , the minimum optimum dimple number decreases from value 7 at u = 1.0 m/s to value 3 at u = 3.0 m/s.
B. THE INFLUENCE OF SEALING CLEARANCE
2) The larger the outlet pressure, the smaller the range of seal clearance for Region I becomes. Moreover, the optimum dimple number in Region I always starts from the same value 8 and ends at a lower value, and this lower value increases with the increase of outlet pressure. As can be seen in Fig. 8 , with increasing outlet pressure from 0.1 MPa to 0.9 MPa, the range of seal clearance for Region I varies from h 0 = 1-5 µm to h 0 = 1-2 µm, and the minimum optimum dimple number for Region I increases from value 3 to value 5. Fig. 9 gives the typical influence of outlet pressure on the optimum dimple number at u =1 m/s, h 0 = 3 µm. Likewise, three regions can be divided for outlet pressure. Generally, as outlet pressure increases, the optimum dimple number keeps in a lower value and unchanged (Region I), then increases gradually (Region II) and finally remains its maximum value (Region III). Moreover, both of the range of each divided region and the lower optimum dimple number are governed by the other operation parameters including sliding velocity and seal clearance, as displayed in Figs. 10 and 11 . The variations can be concluded as follows:
C. THE INFLUENCE OF OUTLET PRESSURE
1) The range of outlet pressure for Region I increases whereas for Region III decreases gradually with increasing sliding velocity. Moreover, the value of the optimum dimple number for Region III remains unchanged with sliding velocity. As shown in Fig. 10 , as sliding velocity increases from 0.1 m/s to 9 m/s, the range of outlet pressure for Region I increases from p out < 0.1 MPa to p out < 0.9 MPa, whereas for Region III changes from p out > 0.1 MPa to p out > 0.9 MPa. The optimum dimple number for Region I always remains the same value 4.
2) As seal clearance increases, the range of outlet pressure for Region I decreases whereas for Region III increases gradually. Moreover, the smaller the seal clearance, the lower the value of the optimum dimple number for Region I becomes. As can be seen in Fig. 11 , when increasing seal clearance from 1 µm to 5 µm, the range of outlet pressure for Region I changes from p out < 0.9 MPa to p out < 0.1 MPa, whereas for Region III changes from p out > 0.1 MPa to p out > 0.9 MPa. In addition, the optimum dimple number for Region I decreases from value 8 to a smaller value 4.
D. DISCUSSION
Based on above simulation results, it can be found that the influences of sliding velocity, seal clearance, and outlet pressure on the optimum dimple number are not unchangeable. Taking sliding velocity as an example, seen in Figs. 3-5 , the optimum dimple number may be unchanged in its maximum value or a certain value, or decreases with increasing sliding velocity, which depends on the selected extent of sliding velocity as well as the value of the other two operation parameters, namely, seal clearance and outlet pressure. It also holds true for seal clearance and outlet pressure, as shown in Figs. 6-11. Therefore, it is unreasonable to study the influence of one of the operation parameters on the optimum dimple area density for mechanical seal without considering the effects of other operation parameters. To further explore the variation of optimum dimple number with operation parameters, Fig. 12 displays the change of percentage of cavitation area with dimple number at u = 0.3 m/s, h 0 = 2 µm, and p out = 0.3 MPa, as the cavitation effect of dimple is one of its load-bearing and friction reducing mechanisms. As can be seen, although the percentage of cavitation area for per dimple decrease as dimple number increases, the total percentage of cavitation area are almost the same under the given condition. Moreover, this conclusion attained is also applicable to other operation conditions. What is difference is that the total percentages of cavitation area increases with increasing sliding velocity as well as seal clearance and decreasing outlet pressure. It indicates that the effect of dimple area density on friction coefficient is not the result of the change of cavitation area.
On the other hand, the variations of maximum pressure caused by dimples with dimple numbers under different operation conditions are shown in Fig. 13 .
Encouragingly, it can be found that the dimple number that corresponds to the maximum of the maximum pressures is in line with the optimum dimple number for various operation conditions. For instance, the maximum of the maximum pressure appears at n = 7 when u = 0.7 m/s in Fig. 13 (a) , and according to the simulation results the optimum dimple number is n * = 7. It demonstrates that the larger the corresponding maximum pressure obtained, the closer the dimple number to its optimum value. Moreover, the influences of the operation parameters on the optimum dimple area density are reflected on their effects on the maximum pressure. That is, the friction coefficient of mechanical seal with dimples decreases as the obtained maximum pressure (varies with dimple number) increases under various operation conditions.
IV. CONCLUSION
The comprehensive influences of operation parameters including sliding velocity, seal clearance, and outlet pressure on optimum dimple numbers along the dimple column, corresponding to the optimum area density for mechanical seal, are studied systematically by solving Reynolds equation, where the JFO cavitation theory is implemented to take the cavitation into account.
It can be found that, the optimum dimple number is closely related to the operation parameters and the influence of each operation parameter can be divided into three regions. More important, the features of the three divided regions for each operation parameter not only depend on the selected extent of the parameter itself, but also on the value of the other two operation parameters. Thus, it is not suitable for the general researches to keep all the other ones as constants when studying the influence of one of the operation parameters on optimum dimple area density for mechanical seal, since it may be entered into some rather than all of its three regions. Instead, a systematical and comprehensive study should be conducted. Moreover, the influences of the operation parameters on the optimum dimple area density are reflected on their effects on the maximum pressure caused by dimples, and the larger the maximum pressure, the smaller the friction coefficient becomes.
